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(57) ABSTRACT

Examples of integrated sensors are disclosed herein. An
example of an integrated sensor includes a flexible substrate,
and an array of spaced apart sensing members formed on a
surface of the flexible substrate. Each of the spaced apart
sensing members includes a plurality of polygon assemblies.
The polygon assemblies are arranged in a controlled pattern
on the surface of the flexible substrate such that each of the
plurality of polygon assemblies is a predetermined distance
from each other of the plurality of polygon assemblies, and
each of the plurality of polygon assemblies including col-
lapsible signal amplifying structures controllably positioned
in a predetermined geometric shape.
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1
INTEGRATED SENSORS

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made in the course of research par-
tially supported by grants from the Defense Advanced
Research Projects Agency (DARPA), Contract No. HR0011-
09-3-0002. The U.S. government has certain rights in the
invention.

BACKGROUND

Assays and other sensing systems have been used in the
chemical, biochemical, medical and environmental fields to
detect the presence and/or concentration of one or more
chemical species. Some sensing techniques utilize color or
contrast for species detection and measurement, including,
for example, those techniques based upon reflectance, trans-
mittance, fluorescence, or phosphorescence. Other sensing
techniques, such as Raman spectroscopy or surface
enhanced Raman spectroscopy (SERS), study vibrational,
rotational, and other low-frequency modes in a system. In
particular, Raman spectroscopy is used to study the transi-
tions between molecular energy states when photons interact
with molecules, which results in the energy of the scattered
photons being shifted. The Raman scattering of a molecule
can be seen as two processes. The molecule, which is at a
certain energy state, is first excited into another (either
virtual or real) energy state by the incident photons, which
is ordinarily in the optical frequency domain. The excited
molecule then radiates as a dipole source under the influence
of the environment in which it sits at a frequency that may
be relatively low (i.e., Stokes scattering), or that may be
relatively high (i.e., anti-Stokes scattering) compared to the
excitation photons. The Raman spectrum of different mol-
ecules or matters has characteristic peaks that can be used to
identify the species.

BRIEF DESCRIPTION OF THE DRAWINGS

Features and advantages of examples of the present
disclosure will become apparent by reference to the follow-
ing detailed description and drawings, in which like refer-
ence numerals correspond to similar, though perhaps not
identical, components. For the sake of brevity, reference
numerals or features having a previously described function
may or may not be described in connection with other
drawings in which they appear.

FIGS. 1A and 1B are semi-schematic, perspective views
of an example of an integrated sensor prior to and after
exposure to a liquid sample;

FIGS. 2A through 2E are semi-schematic, top views of
five different examples of predetermined geometric shapes
of controllably positioned collapsible signal amplifying
structures;

FIGS. 3A through 3C are semi-schematic, perspective
views of three different examples of a collapsible signal
amplifying structure;

FIGS. 4A through 4D are semi-schematic, perspective
views which together illustrate an example of a method for
making an integrated sensor, and which also include two
cross-sectional views at the arrows between FIGS. 4A and
4B and between FIGS. 4B and 4C;

FIG. 5 is a semi-schematic, top view of a sensing member
including collapsible signal amplifying structures sur-
rounded by a gradient of polymer nano-pillars;
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FIG. 6 is a semi-schematic, top view of a sensing member
including collapsible signal amplifying structures sur-
rounded by hydrophobic molecules;

FIG. 7 is a semi-schematic, top view of a sensing member
including collapsible signal amplifying structures sur-
rounded by grooves;

FIG. 8 is a semi-schematic and partially perspective view
of an example of a sensing system; and

FIG. 9 is a schematic and partially perspective view of
another example of a sensing system.

DETAILED DESCRIPTION

The present disclosure relates generally to integrated
sensors. Examples of the integrated sensors are suitable for
use in surface enhanced Raman spectroscopy (SERS).
Examples of the sensors include one or more sensing
members that include collapsible or reconfigurable signal
amplifying structures arranged in polygon assemblies. The
collapsible signal amplifying structures of a single polygon
assembly are able to undergo self-coalescence (e.g., self-
closing or self-reconfiguration at their tips), with the aid of
capillary forces (e.g., during liquid evaporation). The signal
amplifying structures are able to trap molecules at hot spots
formed among the closed tips, which greatly amplifies
electromagnetic fields under SERS interrogation. Addition-
ally, examples of the integrated sensor are controllably
formed on flexible substrates, which may advantageously be
used for continuous monitoring over long periods of time.
Still further, some examples of the integrated sensor are able
to self-position samples exposed thereto, such that the
samples are directed toward the collapsible signal amplify-
ing structures. In these examples, the integrated sensors are
able to dynamically reconfigure the samples for optimal
signal enhancement.

Referring now to FIGS. 1A and 1B, an example of the
integrated sensor 10 is depicted prior to liquid sample
exposure (FIG. 1A) and after liquid sample exposure (FIG.
1B). In an example, the integrated sensor 10 includes a
flexible substrate 12 and an array of spaced apart sensing
members 14 ,, 14 formed on the surface S, , of the flexible
substrate 12. While two sensing members 14, 14, are
shown in FIGS. 1A and 1B, it is to be understood that any
number of sensing members 14 ,, 14 (also referred to herein
as 14) may be formed on the flexible substrate 12. For
example, a single sensing member 14, or 14 may be
formed, or tens or hundreds of sensing members 14, 14,
may be formed. The number of sensing members 14 ,, 14,
formed may be limited, for example, by the dimensions (i.e.,
length and width) of the flexible substrate 12 and/or by the
number of polygon assemblies 16 formed in any one sensing
member 14, 14;. As some examples, the array of sensing
members 14,, 14, may include a single row of sensing
members 14, 14 along a length of the flexible substrate 12
(see, e.g., FIG. 9), or multiple rows along the length of the
flexible substrate 12 and multiple columns along a width of
the flexible substrate 12 (see, e.g., FIG. 8). The spacing
between adjacent sensing members 14 ,, 14, may depend,
for example, upon the dimensions (i.e., length and width) of
the flexible substrate 12 and/or the configuration of the
dispenser, light source, detector, etc. of a sensing system that
will be used to interrogate the sensor 10. For example, if the
sensing system has a single dispenser for dispensing the
analyte solution (i.e., sample) to the sensing members 14 ,,
14, the sensing members 14, 14; may be spaced apart a
distance ranging from about 1000 um (i.e., 1 mm) to about
10000 um (i.e., 10 mm) from one another in a single row
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along the length of the flexible substrate 12 so that the
dispenser can be actuated to fill the sensing members 14,
14, one after the other. In another example, the distance
between adjacent sensing members 14, 14, ranges from
about 200 um (0.2 mm) to about 500 um (0.5 mm) or to
about 1000 um (i.e., 1 mm). A single sensing member 14 ,,
14, may have a length and/or width ranging from about 0.1
mm to about 2 mm. In an example, a single sensing member
14, 14, may have a length and/or width of about 1 mm.

The flexible substrate 12 may be any substrate material
that is capable of being flexed or bent without breaking. The
flexible substrate 12 is also capable of having signal ampli-
fying structures 18 formed therein. The flexibility may also
enable the flexible substrate 12 to be indexed or moved (e.g.,
in a continuous manner or a ratcheted manner) for monitor-
ing. Examples of the flexible substrate 12 include polyeth-
ylene terephthalate (PET), polyethylene terephthalate gly-
col-modified (PETG), polypropylene, polyethylene, or
polycarbonate. In an example, the flexible substrate 12 has
a thickness that ranges from about 30 um to about 50 um. In
other examples, the thickness of the substrate 12 is greater
than 50 um. In examples in which harder materials are used
(e.g., polycarbonate), the thickness of the substrate 12 may
be at the lower end of the thickness range in order to obtain
the desired flexibility. The width of some substrates 12 may
range from about 8 mm to about 12 mm.

In the example shown in FIGS. 1A and 1B, each sensing
member 14, 14 includes a plurality of polygon assemblies
16 arranged in a controlled pattern on the surface S, of the
flexible substrate 12. The controlled pattern may include any
NxM array, where N, M are individually selected from 2, 3,
4,5...50...2000. In an example, N=M=100 to 1000. The
controlled pattern of the polygon assemblies 16 shown in
each of the sensing members 14 ,, 14 of FIGS. 1A and 1B
is a 2x2 array. In this example, each of the sensing members
14, 14; has the same controlled pattern, but it to be
understood that one or more of the sensing members 14,
14, may have the polygon assemblies 16 arranged in a
different controlled pattern than one or more of the other
sensing members 14,, 14;. Each polygon assembly 16
within a single sensing member 14, or 14, may be a
predetermined distance from each other polygon assembly
16 within the same sensing member 14, or 145 In an
example, the predetermined distance may range from about
0.5 um to about 1 um, or to about 10 um. In another example,
the predetermined distance may be about 0.7 um. The
controlled pattern and the predetermined distance may be
obtained using the fabrication methods disclosed herein.

Each polygon assembly 16 includes collapsible signal
amplifying structures 18 controllably positioned in a prede-
termined geometric shape. Top views of examples of the
predetermined geometric shapes are shown in FIGS. 2A
through 2E. These shapes include trigons (i.e., a 3-mer,
including three collapsible signal amplifying structures 18 as
shown in FIG. 2A), tetragons (i.e., a 4-mer, including four
collapsible signal amplifying structures 18 as shown in FIG.
2B), pentagons (i.e., a 5-mer, including five collapsible
signal amplifying structures 18 as shown in FIG. 20C),
hexagons (i.e., a 6-mer, including six collapsible signal
amplifying structures 18 as shown in FIG. 2D), and hepta-
gons (i.e., a 7-mer, including seven collapsible signal ampli-
fying structures 18 as shown in FIG. 2E). In examples, the
period of a polygon assembly 16 having a trigon shape or a
tetragon shape ranges from about 400 nm to about 700 nm,
and the period of the polygon assembly 16 having a penta-
gon shape, hexagon shape, or heptagon shape ranges from
about 600 nm to about 900 nm. In an example, an array of
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polygon assemblies 16 in a single sensing member 14, 14,
may occupy a space on the flexible substrate 12 that is from
about 50 um to about 100 um wide and from about 50 um
to about 100 um long. As examples, a 3x3 array of penta-
gons may cover an area of about 2x2 um?, while a 30x30
array of pentagons may cover an area of about 20x20 pum?.

It is believed that the controlled fabrication of signal
amplifying structures 18 in a predetermined geometric shape
has not been achieved, at least in part because of the
difficulty in obtaining a desired small gap size (e.g., sub-2
nm gaps between the collapsed signal amplifying struc-
tures), while also forming substantially uniform structures of
arbitrary symmetry (e.g., tetramers, pentamers, heptamers,
etc.) across a large area. However, the fabrication methods
disclosed herein enable one to control the collapsed gap size
as well as the geometry of the polygon assemblies across a
relatively large area (e.g., from about 8 mm to about 12 mm
wide).

Each collapsible signal amplifying structure 18 includes a
polymer base nano-structure 20 and a signal amplifying
material 22 positioned thereon. Examples of the polymer
base nano-structures 20 include the pillar, columnar, or
finger-like structures shown in FIGS. 1A, 1B and 3A, the
nanoflake structure shown in FIG. 3B, and the mushroom-
shaped nano-structure shown in FIG. 3C. As will be
described below in reference to FIGS. 4A through 4D, these
polymer base nano-structures 20 are formed in the flexible
substrate 12, and thus are formed of the same material as the
flexible substrate 12.

The signal amplifying material 22 may be any material
that is capable of enhancing the signal that is generated
during a particular sensing process. In an example, the signal
amplifying material 22 is a Raman signal-enhancing mate-
rial (composition of matter) that increases the number of
Raman scattered photons when the molecule (or other
species of interest) is trapped by collapsed signal amplifying
structure(s) 18, and when the molecule and materials 22 are
subjected to light/electromagnetic radiation. Raman signal-
enhancing materials include, but are not limited to, silver,
gold, and copper. The signal amplifying material 22 may
also be selected for use in other techniques, such as
enhanced fluorescence (e.g., metal-enhanced fluorescence or
surface enhanced fluorescence (SEF)) or enhanced chemi-
luminescence. As an example, for metal-enhanced fluores-
cence applications, the polymer base structures 20 of the
signal amplifying structures 18 may be coated with silver
nanoparticles. Enhanced fluorescence is observed when inci-
dent light couples to the silver nanoparticles with molecules
in their vicinity. The signal amplifying material 22 may be
configured to couple the localized, and in some instances
propagating, surface plasmons. Methods for depositing the
signal amplifying material 22 in desirable positions on the
polymer base nano-structures 20 to form the collapsible
signal amplifying structure 18 will also be discussed in
reference to FIGS. 4A through 4D.

As illustrated at the arrow between FIGS. 1A and 1B, each
of the sensing members 14, 14 of the integrated sensor 10
of FIG. 1A is exposed to a liquid sample. As shown in FIG.
1B, the collapsible signal amplifying structures 18 that are
exposed to the sample undergo self-closing with the aid of
capillary forces, so that the signal amplifying materials 22
are drawn toward one another to create sub-nm gaps where
analytes of interest (e.g., analyte 24) present in the original
liquid sample become trapped. As mentioned above, the
closed signal amplifying structures 18 form hot spots, which
amplify the SERS fields, thereby enhancing the SERS
signals.
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Referring now to FIGS. 4A through 4D, an example of a
method for forming examples of the integrated sensor 10 is
semi-schematically depicted. The method is a controlled
method based upon nanoimprinting or embossing. FIGS. 4A
through 4D describe a method based upon nanoimprinting.
Embossing may involve preparing a silicon mold and then
using the mold to transfer mold features to a polymer.

FIG. 4A illustrates a perspective view of a mold 26 that
may be used to form the polygon assemblies 16 of each
sensing member 14, 14;. The mold 26 shown in FIG. 4A
includes a pattern for forming one sensing member having
four polygon assemblies, each of which is a pentagon or
S-mer. This is a simplified example of the mold 26, and it is
to be understood that the mold 26 may have any controlled
pattern(s) that mimics the polygon assemblies to be formed,
including the controlled geometric shape of the polymer
base nano-structures 20 of the signal amplifying structures
18 to be formed. For example, when multiple sensing
members are to be formed using the mold 26, the mold 26
may include a plurality of spaced apart controlled patterns,
each of which corresponds to the desired pattern of the
respective structures to be formed. The patterns and features
of the mold 26 will be used to form the patterns and features
of'the final integrated sensor 10. The mold 26 may be formed
of single crystalline silicon, polymeric materials (acrylics,
polycarbonates, polydimethylsiloxane (PDMS), polyimide,
etc.), metals (aluminum, copper, stainless steel, nickel,
alloys, etc.), quartz, ceramic, sapphire, silicon nitride, or
glass.

When multiple sensing members 14, 14 ,, 14, are to be
formed, the mold 26 includes a pattern for the to-be-formed
sensing members 14, 14, 14; (i.e., defining the spacing
between sensing members), a pattern for the placement of
the to-be-formed polygon assemblies 16 of each sensing
member 14, 14, 14, and a pattern for the to-be-formed
polymer base nano-structures 20 of each polygon assembly
16. In other words, the mold patterns are a replica of the
desired sensing members 14, 14 ,, 14, (including the poly-
gon assemblies 16) to be formed in the flexible substrate 12.

The patterns may be integrally formed in the mold 26. In
an example, the patterns may be formed in the mold 26 via
electron-beam (e-beam) lithography or photolithography,
and dry etching. To generate the controlled patterns
described herein, focused ion-beam or optical lithography
may also be used to form the mold 26. The mold may also
be prepared by direct etching of a silicon substrate.

The mold 26 is then used to transfer the controlled
patterns to a UV or thermal curable resist to form a poly-
meric reverse-tone mold 28, which is shown in FIG. 4B. As
illustrated, the polymeric reverse-tone mold 28 takes on the
negative replica of the patterns of the mold 26. In other
words, the controlled pattern of the polygon assemblies and
the polymer base nano-structures extend into the surface S,
of the polymeric reverse-tone mold 28. As such, the curable
resist used to form the polymeric reverse-tone mold 28 is
selected to have a sufficient rigidity to be able to conform to,
and to duplicate/replicate with precision, the patterns of the
mold 26.

Suitable ultraviolet curable resists for forming the poly-
meric reverse-tone mold 28 include a photoinitiator (i.e., a
compound that generates a radical in response to UV radia-
tion exposure), a cross-linking agent, and a siloxane based
backbone chain (e.g., a UV-curable acrylated poly(dimeth-
ylsiloxane) material). Examples of suitable photoinitiators
include azobisisobutyronitrile (AIBN), IRGACURE® 184
and IRGACURE® 810 (commercially available from BASF
Corp., Florham Park, N.J.), and examples of the cross-
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linking agent includes various species having more than one
double or triple bond that opens up and polymerizes upon
curing. In an example, additional solvents are not included
in such UV curable resists, at least in part because of the
presence of the siloxane based backbone. The siloxane based
backbone may include double bonded terminal functional
groups, such as acryls. The components of the UV resist
suitable to form the polymeric reverse-tone mold 28 may be
included in a predetermined ratio of photoinitiator to cross-
linking agent to siloxane backbone. Each component can be
present in a range of 0.05% to 99.9% of the total weight of
the resist. In an example, the UV resist includes from about
0.5 wt % to about 2 wt % of the radical initiator, from about
88 wt % to about 92 wt % of the UV curable monomer
species (i.e., the siloxane based backbone chain), and from
about 7 wt % to about 11 wt % of the cross-linking agent.
In another example, the UV resist includes 1 wt % of the
radical initiator, 90 wt % of the UV curable monomer
species (i.e., the siloxane based backbone chain), and 9 wt
% of the cross-linking agent. Commercially available resists
that may be used for the curable resist include NXR-2010
(Nanonex Corp., Monmouth Junction, N.J.), and AR-UV-01
(Nanolithosolution, Inc., San Marcos, Calif.).

In an example, the polymeric reverse-tone mold 28 may
be formed using ultraviolet-curable (i.e., UV-curable)
nanoimprint lithography (NIL). A UV-capable NIL tool may
be used in this process. The previously described UV curable
resist may be deposited (e.g., via spin coating, drop coating,
dip-coating, or the like) onto the mold 26, and then may be
cured (in the tool) to form the polymeric reverse-tone mold
28. In another example, the mold 26 may be pressed into the
resist that had been previously deposited on a substrate, and
then curing is performed. It is to be understood that the
curing conditions and parameters will depend, at least in
part, on the UV resist that is used. It is to be further
understood that while the mold 26 is pressed into (or
otherwise in contact with) the resist, partial curing may be
performed. Partial curing cures some, but not all, of the
resist. After partial curing, the mold 26 may be removed.
Once the mold 26 is removed, curing may be continued until
the resist is fully cured to form the polymeric reverse-tone
mold 28.

Prior to depositing the UV curable resist onto the mold 26
or prior to pressing the mold 26 into the UV curable resist,
the mold 26 may be primed with a chlorosilane coupling
agent (e.g., 3-acryloxypropyl)methyldichlorosilane) that
aids in removal of the polymeric reverse-tone mold 28 from
the mold 26 after curing is complete. The cross-sectional
view shown at the arrow between FIGS. 4A and 4B illus-
trates the polymeric reverse-tone mold 28 being removed
from the mold 26.

The polymeric reverse-tone mold 28 may then be used in
another UV-curable nanoimprint lithography process (e.g.,
using the UV-capable NIL tool) to form the polygon assem-
blies 16 and the associated polymer base nano-structures 20
in the flexible substrate 12. In this example, the polymeric
reverse-tone mold 28 may be pressed into the flexible
substrate 12 (as shown at the arrow between FIGS. 4B and
4C), and then curing may be performed. After curing is
complete, the polymeric reverse-tone mold 28 may be
removed, leaving the flexible substrate 12 controllably pat-
terned with polygon assemblies 16 of polymer base nano-
structures 20, and thus the sensing members 14.

As shown in FIG. 4D, the signal amplifying material 22
is deposited on at least a surface of the polymer base
nano-structures 20 to form the signal amplifying structure(s)
18. The signal amplifying material 22 may be established by
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any suitable deposition or other coating technique. In some
examples, a selective deposition technique may be used so
that the material 22 is established on, for example, the tips
of the base nano-structures 20 alone. As examples, the
material 20 may be deposited via electron-beam (e-beam)
evaporation at normal incidence, or sputtering. In still other
examples, the signal amplifying material 22 can be pre-
formed nanoparticles (e.g., of silver, gold, copper, etc.),
which are coated onto the polymer base nano-structures 20.
Such nanoparticles may have an average diameter ranging
from about 5 nm to about 50 nm. It is believed that the
presence of the material 22 at the apex or tip of the polymer
base nano-structures 20 further enhances the electric field
during, e.g., a SERS operation. The material 22 itself may
also have a surface roughness that spontaneously forms
during the deposition process. This surface roughness can
act as additional optical antennas to increases the SERS-
active sites over each signal amplifying structure 18. In an
example, a thickness of the signal amplifying material 22
ranges from about 50 nm to about 80 nm.

In the method(s) disclosed herein, since the patterns are
precisely defined in the original mold 26 (e.g., by the initial
e-beam lithography) and are faithfully reproducible by
nanoimprint lithography, any array of sensing members 14,
14, 14 having any controlled pattern of polygon assem-
blies 16 can be fabricated uniformly at desirable positions in
the flexible substrate 12.

While the method(s) described in reference to FIGS. 4A
through 4D illustrates the formation of metal-capped poly-
mer nano-pillars (e.g., signal amplifying structures 18), it is
to be understood that the method(s) may also be used to form
metal-ringed polymer nano-pillars (shown in FIG. 3A),
metal-coated polymer nanoflakes (shown in FIG. 3B), or
metal-coated mushroom-shaped nano-structures (shown in
FIG. 3C). To form the metal-ringed polymer nano-pillars,
for example, selective deposition (e.g., angled deposition) or
shadow masking may be used to deposit the signal ampli-
fying material 22 (e.g., preformed material) in the desired
position along the height of the pillar 20. In other examples,
the metal-ringed polymer nano-pillars may form spontane-
ously when the signal amplifying material 22 is deposited.
To form the polymer nanoflakes or mushroom-shaped nano-
structures, the original silicon mold 26 would be formed in
these shapes, as opposed to the pillar shape previously
described. It is to be understood that these nanoflakes or
mushroom-shaped nano-structures may be formed in any of
the predetermined geometric shapes (e.g., trigon, tetragon,
etc.) to create the polygon assemblies 16 of the sensing
members 14, 14 5.

It is to be understood that the previously described
method(s) may be implemented as a roll-to-roll process. It is
to be further understood that the previously described meth-
ods may also be modified for thermal imprinting (e.g., using
a thermal curable resist) or an embossing process.

Referring now to FIGS. 5 through 7, the integrated
sensors 10", 10", and 10" includes different examples of the
sensing members, respectively shown as 14, 14, 14, in
these figures. Fach of these sensing members 14, 14,,, 14,
includes an area 30 surrounding the collapsible signal ampli-
fying structures 18 that has been modified to enable droplets
exposed thereto to position themselves toward the collaps-
ible signal amplifying structures 18. In other words, the area
30 within a sensing member 14 ., 14,,, 14, and surrounding
the controlled pattern of polygon assemblies 16 of that
sensing member 14 may have its surface modified to guide
droplets toward the collapsible signal amplifying structures
18. When the droplets reposition themselves at the collaps-
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ible signal amplifying structures 18, analytes within the
droplets do not get stuck in the area 30 outside of or
surrounding the collapsible signal amplifying structures 18,
and thus are not unaccounted for during sensing. Rather, the
droplets are present at the area of the sensing member 14,
14,,, 14, that contains the collapsible signal amplifying
structures 18. As such, when the droplets evaporate down in
size (e.g., to about 50 um to about 100 um in diameter), the
concentration of the analyte at the polygon assemblies 16 is
increased compared to the initial fluid sample.

As will be described further in reference to FIGS. 5
through 7, the modifications made to the area 30 may be
chemical and/or physical.

In the examples shown in FIGS. 5 and 6, the wettability
of the area 30 is modified. More particularly, the area 30 is
modified to be more hydrophobic (i.e., less hydrophilic) than
the collapsible signal amplifying structures 18.

In FIG. 5, the area 30 includes a gradient G of polymer
pillars with varying separation between the pillars along the
gradient G. As illustrated in FIG. 5, the gradient G includes
polymer pillars 32 that become denser toward the periphery
of the sensing member 14.. The gradient G of polymer
pillars 32 may be a linear density grade towards the col-
lapsible signal amplifying structures 18 so that droplets
exposed to the area 30 move from the periphery of the
gradient G toward the collapsible signal amplifying struc-
tures 18. The gradient G in FIG. 5 includes two different
separation sizes (i.e., gaps) between the pillars 32, but it is
to be understood that the separation size between the pillars
32 may vary more than two times along the gradient G. The
pillars 32 may have a minimum diameter of about 50 nm,
which can be scaled up to about 500 nm in a piece-wise
linear manner. The 50 nm diameter pillars 32 may be
separated by a distance ranging from about 50 nm to about
150 nm, and the 500 nm diameter pillars 32 may be
separated by a distance ranging from about 300 nm to about
500 nm. The scaled up diameters may be anywhere from
about 50 nm to about 500 nm, with the distances between
these pillars also ranging from about 50 nm to about 500 nm.

The polymer pillars 32 in the area 30 are also free of the
signal amplifying material 22.

The polymer pillars 32 may be formed using a mold with
the gradient texture, which can transfer the desired pillar
gradient to the area 30.

In FIG. 6, the area 30 is chemically modified by depos-
iting or otherwise adding a plurality of hydrophobic mol-
ecules HPM to the area 30. Any hydrophobic molecules
HPM may be selected, as long as they are more hydrophobic
than the collapsible signal amplifying structures 18. Some
examples of the hydrophobic molecules HPM may include
(C,F,),, chains (e.g., TEFLON®, from DuPont).

In FIG. 7, the area 30 is physically modified with capillary
guides or grooves 34 formed into the surface S,, of the
flexible substrate 12. The capillary guides or grooves 34 may
be embossed into the surface S, in the area 30. The shape
and dimensions of the capillary guides or grooves 34 is
selected so that when a droplet is exposed to the capillary
guide or groove 34, the droplet automatically moved toward
the collapsible signal amplifying structures 18. In an
example, the capillary guide or groove 34 is a fraction of a
mm long V-groove with a maximum depth of 10 um, where
the depth becomes linearly more shallow away from the
collapsible signal amplifying structures 18.

In other examples of the integrated sensor that are not
shown, the area 30 may include both hydrophobic molecules
HPM and capillary guides or grooves 34, or both hydro-
phobic molecules HPM and a polymer pillar gradient G.
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In any of the examples disclosed herein, droplet mobility
may be increased by heating the sensor 10, 10", 10", 10™ or
by applying a low-power ultrasound. Heating may be
accomplished using an external heater, or heat from a SERS
light source (e.g., reference number 38 in FIGS. 8 and 9)
may be suitable for increasing droplet mobility. Low-power
ultrasound may be applied using an integrated Si-based PZT
((PbZr, Ti, )O;) ultrasound transducer. In an example, the
ultrasound transducer may be integrated into a silicon sub-
strate. For example, piezoelectric elements may be formed
by the deposition of PZT into etched features of the silicon
substrate. The ultrasound transducer may be operably posi-
tioned as a fixed element between the dispenser 36 and the
light source 38. When the substrate 12 is moved during a
sensing operation, the ultrasound transducer may be oper-
ated to excite a sample that has been dispensed from
dispenser 36.

Referring now to FIG. 8, an example of the sensing
system 100 incorporating an example of the integrated
sensor 10 is depicted. This example of the sensor 10 includes
multiple sensing members 14 formed in four columns along
the width of the flexible substrate 12 and multiple rows
along the length of the flexible substrate 12. While not
shown for clarity, it is to be understood that each of the
sensing members 14 includes a controlled pattern of polygon
assemblies 16, and may include a modified area 30 as
described in reference to FIG. 5, 6 or 7.

In the system 100, the flexible substrate 12 is positioned
with respect to the components (e.g., dispenser or dispensing
system 36, laser source 38, and detector 40) of the sensing
system 100 so that dispensing, interrogation, and detection
can take place in the desirable order while the flexible
substrate 12 is indexed past the respective components 36,
38, and 40. For example, the flexible substrate 12 may be
positioned with respect to the dispenser 36 so that one or
more samples are introduced onto the sensing member(s) 14
prior to interrogation and detection. The dispensing system
36 may dispense samples to one or more of the sensing
members simultaneously (e.g., each member 14 in a single
row may receive a sample simultaneously) and/or sequen-
tially (e.g., one sensing member 14 receives a sample at a
time, or one row receives a sample at a time, etc.). Examples
of the dispensing system 36 include automated dispensers
based upon inkjet technology, pipetting, or the like. Manual
dispensers may also be used. It is to be understood that the
dispensing system 36 may be operable to dispense the same
solution to all sensing members 14, or different solutions to
two or more of the sensing members 14.

The laser source 38 may be a light source that has a
narrow spectral line width, and is selected to emit mono-
chromatic light beams I within the visible range or within
the near-infrared range. The laser source 38 is positioned
downstream from where the dispensing system 36 is located
in the direction that the flexible substrate 12 is indexed. The
positioning of the light source 38 with respect to the dis-
pensing system 36 may be far enough to enable dispensed
droplets to begin evaporation, while being close enough to
supply heat to increase droplet mobility. For example, the
laser source 38 may supply heat to the substrate 12 and
droplets, thereby facilitating heating up of the droplet,
drying of the droplet, and subsequent pillar collapsing due to
capillary forces produced by wetting the surface of the
polygon assemblies 16. The laser source 38 may be selected
from a steady state laser or a pulsed laser. The laser source
32 is positioned to project the light [ onto the various
sensing members 14. The example shown in FIG. 8 is a
VCSEL (vertical cavity surface emitting light) array that
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exposes an entire row of sensing members 14 to be exposed
to light L. simultaneously. In other examples, the laser source
38 may be selected to interrogate a single sensing member
14 at a time, or multiple rows of sensing members 14 at the
same time. As such, parallel sensing may be performed. A
lens (not shown) and/or other optical equipment (e.g., opti-
cal microscope) may be used to direct (e.g., bend) the laser
light L in a desired manner. In one example, the laser source
38 is integrated on a chip. The laser source 38 may also be
operatively connected to a power supply (not shown).

During operation of the system 100, flexible substrate 12
may be indexed from a distribution point 42 to a receiving
point 44. As the flexible substrate 12 is indexed, the dis-
pensing system 36 may be operated to dispense one or more
samples (containing analyte(s) of interest) into desired sens-
ing members 14. The dispensing system 36 may be pro-
grammed to dispense into each row, every other row, or in
any other desirable configuration.

As the flexible substrate 12 is indexed, the dispensed
samples begin to evaporate, thereby collapsing the signal
amplifying structures 18 within each sensing member 14
that has been exposed to a sample, and capturing analytes in
the collapsed structures. When sensing members 14 that
have received samples are adjacent to the light source 38, the
laser source 38 is operated to emit light . toward the
respective sensing members 14. The analyte molecules
trapped in or concentrated at or near the signal amplifying
structures 18 of the sensing members 14 interact with and
scatter the light/electromagnetic radiation L. (note that the
scattered light/electromagnetic radiation is labeled R). The
interactions between the analyte molecules and the signal
amplifying material 22 (shown in FIG. 8) of the signal
amplifying structures 18 cause an increase in the strength of
the Raman scattered radiation R. The Raman scattered
radiation R is redirected toward the photodetector 40, which
may optically filter out any reflected components and/or
Rayleigh components and then detect an intensity of the
Raman scattered radiation R for each wavelength near the
incident wavelength.

Indexing of the flexible substrate 12 may be continuous so
that the SERS analysis occurs without interruption for a
desired period of time, or it may be pulsed so that indexing
and SERS analysis takes place for a predetermined time,
followed by another predetermined time where no indexing
and no SERS analysis takes place. The electronics operating
the sensing system 100 may be programmed to perform the
desired continuous or periodic monitoring. The sensing
system 100 could be used to perform a sensing operation on
demand.

Additionally, as shown in FIG. 8, the system 100 and
sensor 10 allow for dispensing into one row to take place
while interrogation and detection take place in another row
that already received a dispensed sample. This configuration
allows contributes to the ability for continuous monitoring to
take place. While not shown, it is to be understood that the
system 100 may include an electronic mechanism or a
mechanical mechanism that rotates the distribution point
(e.g., spool) 42 to release additional flexible substrate 12 and
unused sensing members 14 while the receiving point (e.g.,
spool) 44 rotates in the same direction to wind up the spent
portion of the integrated sensor 10. In one example, the
continuous homogeneous indexing is performed. In another
example, during indexing headers of new datasets may be
written with some cataloguing information.

While not shown, it is to be understood that the system
100 may include a light filtering element positioned between
the sensing members 14 and the photodetector 40. This light
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filtering element may be used to optically filter out any
Rayleigh components, and/or any of the Raman scattered
radiation R that is not of a desired region. The system 100
may also include a light dispersion element positioned
between the sensing members 14 and the photodetector 40.
The light dispersion element may cause the Raman scattered
radiation R to be dispersed at different angles. The light
filtering and light dispersion elements may be part of the
same device or may be separate devices.

Hardware 46, 46', programming 48, or combinations
thereof may also be operatively connected to the dispensing
system 36, the laser source 38 and the photodetector 40 to
control these components 36, 38, 40. While not shown,
hardware 46, 46' and/or programming 48 may also be
operatively connected to the distribution point 42 and the
receiving point 44 in order to cause the movement of the
integrated sensor 10.

The same or different hardware 46, 46' may receive
readings from the photodetector 40, and cause the same or
different associated programming 48 to produce a Raman
spectrum readout, the peaks and valleys of which are then
utilized for analyzing the analyte molecules. The hardware
46, 46' may include memory device(s) that can store data
transmitted thereto for subsequent retrieval, analysis,
review, creation of a library or database, etc.

The hardware 46 and/or programming 48 may be part of
a device 52 that is directly connected to the components 36,
38, 40. Additionally or alternatively, hardware 46 and/or
programming 48 may be part of a cloud computing system
54. Local hardware 46 and/or associated programming 48
may be desirable to operate the dispensing system 36, the
laser source 38 and the photodetector 40, and the cloud
computing system 54 may be desirable for data storage and
performing applications with such data.

The cloud computing system 54 is a computing system
that includes multiple pieces of hardware 46, 46' operatively
coupled over a network so that they can perform a specific
computing task (e.g., running the system 100 components,
receiving data from the detector 40, enabling a user to access
and/or manipulate stored SERS data, statistical information,
etc., and/or enabling a user to perform pre- and post-data
processing, anomaly detection, trend emergence/break-
down, jumps in the data, etc.). The cloud hardware may
include a combination of physical hardware 46 (e.g., pro-
cessors, servers, memory, etc.), software (i.e., associated
programming 48), and virtual hardware 46'. In an example,
the cloud 54 may be configured to (i) receive requests from
a multiplicity of users through application client devices 56,
and (ii) return request responses. In the examples disclosed
herein, the requests may relate to retrieval of SERS data,
building of a SERS library utilizing the user’s stored data,
etc.

Physical hardware 46 may include processors, memory
devices, and networking equipment. Virtual hardware 46' is
a type of software that is processed by physical hardware 46
and designed to emulate specific software. For example,
virtual hardware 46' may include a virtual machine, i.e. a
software implementation of a computer that supports execu-
tion of an application like a physical machine. An applica-
tion, as used herein, refers to a set of specific instructions
executable by a computing system for facilitating carrying
out a specific task. For example, an application may take the
form of a web-based tool providing users with a specific
functionality, e.g., retrieving previously saved SERS data.
Software 48 is a set of instructions and data configured to
cause virtual hardware 46' to execute an application. As
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such, the cloud 54 can make a particular application related
to the sensing system 100 available to users through client
devices 56.

The combinations of hardware 46, 46' and programming
48 may be implemented in a variety of fashions. For
example, the programming 48 may be processor executable
instructions stored on tangible, non-transitory computer
readable memory media, and the hardware 46 may include
a processor for executing those instructions. The memory
media (e.g., hard drive, memory maintained by a server,
portable medium such as a CD, DVD, or flash drive, etc.),
may be used to store the instructions that, when executed by
the processor, allow a user to access data sent to the memory
media from the detector 40. In an example, the memory
media is integrated in the same device as the processor, or
it may be separate from, but accessible to that device and
processor.

Referring now to FIG. 9, another example of the sensing
system 100' is depicted. In this example, the integrated
sensor 10 is incorporated into a cassette 58. The cassette 58
includes a housing that contains the integrated sensor 10
therein. The housing may be formed of any suitable material,
including, for example, a polymeric material.

The cassette 58 also includes the distribution point/spool
42 and the receiving point/spool 44 therein. The integrated
sensor 10 is initially wound on the distribution point/spool
42 and is also attached to the receiving point/spool 44. Upon
being indexed, the integrated sensor 10 moves from the
distribution point 42 to the receiving point 44. The cassette
may also include rollers 60 that assist in the indexing of the
flexible substrate 12 from the distribution point/spool 42 to
the receiving point/spool 44 during operation. The cassette
58 may include holes in the housing that enable respective
rotating prongs to engage the distribution point/spool 42 and
the receiving point/spool 44 in order to advance the flexible
substrate 12 from the distribution point/spool 42 to the
receiving point/spool 44.

The cassette 58 may also include an aperture 62 formed
therein. The apertures 62 are formed in one side of the
housing to expose the indexed flexible substrate 12 and the
sensing members 14 formed thereon to the various compo-
nents, e.g., 36, 38, 40, etc. of the sensing system 100" as the
integrated sensor 10 is indexed. One aperture 62 may be
included that is large enough to expose the desirable number
of sensing members 14, or, as shown in FIG. 9, multiple
apertures 62 may be formed across from the respective
components 36, 38, 40, etc. of the sensing system 100"

While not shown, it is to be understood that the sensing
system 100" itself may including a housing with a slot to
receive the cassette 58 and to move the cassette 58 into and
out of the operating position. Such a housing of the system
100" may also include mechanical and/or electrical compo-
nents to advance the integrated sensor 10 in the proper
manner and initiate, for example, the dispensing system 36,
the laser source 38, and the detector 40 when it is desirable
to perform a sensing operation.

As described in reference to FIG. 8, the dispenser 36, laser
source 38, and detector 40 are positioned to dispense, then
interrogate and detect in that order. While not shown, it is to
be understood that this sensing system 100' may also include
the hardware 46, 46' and associated programming 48 for
operating the components of the system 100" and/or storing
data received from the detector 40.

This example of the sensing system 100' also includes
other systems, such as a pressure sensing system 64 and a
temperature analysis system 66. The pressures sensing sys-
tem 64 measures the pressure of the system 100' and the
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temperature analysis system 66 measures the temperature of
the system 100'. The pressure sensing system 64 and/or the
temperature analysis system 66 is a separate unit to measure
environmental characteristics complementary to the mea-
surements taken by the SERS components. It is believed that
other sensing systems may be included, such as a flow
sensor to help debug system errors, for example, dispenser
36 malfunction. It is to be understood that these additional
systems are integrated into the sensing system 100' as
separate components in addition to the SERS components
(e.g., dispenser 36, laser source 38, detector 40). They may
be useful to perform other desirable processes in addition to
SERS. It is to be understood that these additional sensors
may be operatively coupled to whatever hardware 46, 46'
and associated programming 48 is utilized to operate the
system 100'.

The integrated sensors 10, 10, 10", and 10™ disclosed
herein may be used to perform continuous or periodic
monitoring of one sample or multiple samples. The con-
trolled patterns of polygon assemblies 16 within each sens-
ing member 14 on the flexible substrate 12 provides, over a
large area, unique signal amplifying structures 18 that are
capable of trapping analytes in hot spots to enhance SERS
fields and signals.

It is to be understood that the ranges provided herein
include the stated range and any value or sub-range within
the stated range. For example, a range from about 400 nm to
about 600 nm should be interpreted to include not only the
explicitly recited limits of about 400 nm to about 600 nm,
but also to include individual values, such as 415 nm, 480
nm, 550 nm, etc., and sub-ranges, such as from about 425
nm to about 500 nm, from about 450 nm to about 575 nm,
etc. Furthermore, when “about” is utilized to describe a
value, this is meant to encompass minor variations (up to
+/-10%) from the stated value.

While several examples have been described in detail, it
will be apparent to those skilled in the art that the disclosed
examples may be modified. Therefore, the foregoing
description is to be considered non-limiting.

What is claimed is:

1. An integrated sensor, comprising:

a flexible substrate; and

an array of spaced apart sensing members formed on a

surface of the flexible substrate, each of the spaced
apart sensing members including a plurality of polygon
assemblies arranged in a controlled pattern on the
surface of the flexible substrate such that each of the
plurality of polygon assemblies is a predetermined
distance from each other of the plurality of polygon
assemblies, and each of the plurality of polygon assem-
blies including collapsible signal amplifying structures
controllably positioned in a predetermined geometric
shape;

wherein the flexible substrate is chosen from polyethylene

terephthalate, polyethylene terephthalate glycol-modi-
fied (PETGQ), polycarbonate, polypropylene, and poly-
ethylene, and a thickness of the flexible substrate
ranges from about 30 um to about 50 pm.

2. The integrated sensor as defined in claim 1 wherein the
predetermined geometric shape is a trigon, a tetragon, a
pentagon, a hexagon, or a heptagon.

3. The integrated sensor as defined in claim 1 wherein the
controlled pattern of the plurality of polygon assemblies
includes an NxM array of the polygon assemblies, wherein
N and M are individually chosen from 2 to 2000.

4. The integrated sensor as defined in claim 1 wherein the
collapsible signal amplifying structures include metal-
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capped polymer nano-pillars, metal-coated polymer nano-
flakes, metal-coated mushroom-shaped nano-structures, or
metal-ringed polymer nano-pillars.

5. The integrated sensor as defined in claim 1 wherein the
array of sensing members includes i) a single row of sensing
members along a length of the flexible substrate, or ii)
multiple rows along the length of the flexible substrate and
multiple columns along a width of the flexible substrate.

6. A sensing system, comprising:

the integrated sensor as defined in claim 1;

a sensing device to receive the integrated sensor and to
index the flexible substrate from a distribution point to
a receiving point, the sensing device, including:

a dispensing system to dispense a sample on at least one
of the sensing members as the flexible substrate is
indexed;

a laser source to project light onto the at least one of the
sensing members after it has been exposed to the
sample;

a detector to detect a signal emitted after the at least one
of the sensing members has been exposed to the
light; and

a processor operatively connected to the detector.

7. The sensing system as defined in claim 6 wherein the
processor is a component of a cloud computing system.

8. The sensing system as defined in claim 6, further
comprising any of:

a pressure sensing system to measure a pressure of the
sample on the at least one of the sensing members as
the flexible substrate is indexed; or

a temperature analysis system to measure a temperature of
the sample on the at least one of the sensing members
as the flexible substrate is indexed.

9. An integrated sensor, comprising:

a flexible substrate;

an array of spaced apart sensing members formed on a
surface of the flexible substrate, each of the spaced
apart sensing members including a plurality of polygon
assemblies arranged in a controlled pattern on the
surface of the flexible substrate such that each of the
plurality of polygon assemblies is a predetermined
distance from each other of the plurality of polygon
assemblies, and each of the plurality of polygon assem-
blies including collapsible signal amplifying structures
controllably positioned in a predetermined geometric
shape;

a housing including at least one aperture;

a distribution spool operatively positioned within the
housing, the distribution spool having the flexible sub-
strate wound thereon; and

a receiving spool operatively positioned within the hous-
ing to receive the flexible substrate from the distribu-
tion spool;

wherein the flexible substrate is to be indexed past the at
least one aperture such that the array of sensing mem-
bers is accessible through the at least one aperture.

10. An integrated sensor, comprising:

a flexible substrate; and

an array of spaced apart sensing members formed on a
surface of the flexible substrate, each of the spaced
apart sensing members including:

a plurality of polygon assemblies arranged in a con-
trolled pattern on the surface of the flexible substrate
such that each of the plurality of polygon assemblies
is a predetermined distance from each other of the
plurality of polygon assemblies, and each of the
plurality of polygon assemblies including collapsible
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signal amplifying structures controllably positioned
in a predetermined geometric shape; and

an area defined by a periphery and surrounding the
plurality of polygon assemblies, the area having been
modified to enable a droplet exposed thereto to
reposition itself toward the collapsible signal ampli-
fying structures of the plurality of polygon assem-
blies, wherein the area includes a physical gradient
that causes the droplet to reposition itself toward the
collapsible signal amplifying structures, wherein the
physical gradient includes a gradient of polymer
pillars with varying separation between the polymer
pillars along the gradient of polymer pillars, and
wherein the gradient of polymer pillars is denser
toward the periphery of the area.

11. The integrated sensor as defined in claim 10 wherein
the area is chemically modified with a plurality of hydro-
phobic molecules to make the area more hydrophobic than
the collapsible signal amplifying structures.

12. An integrated sensor, comprising:

a flexible substrate; and

an array of spaced apart sensing members formed on a

surface of the flexible substrate, each of the spaced

apart sensing members including:

a plurality of polygon assemblies arranged in a con-
trolled pattern on the surface of the flexible substrate
such that each of the plurality of polygon assemblies
is a predetermined distance from each other of the
plurality of polygon assemblies, and each of the
plurality of polygon assemblies including collapsible
signal amplifying structures controllably positioned
in a predetermined geometric shape; and

an area defined by a periphery and surrounding the
plurality of polygon assemblies, the area having been
modified to enable a droplet exposed thereto to
reposition itself toward the collapsible signal ampli-
fying structures of the plurality of polygon assem-
blies, wherein the area includes a physical gradient
that causes the droplet to reposition itself toward the
collapsible signal amplifying structures, wherein the
area is physically modified with capillary guides or
grooves, the capillary guides or grooves having a
depth that becomes linearly more shallow away from
the collapsible signal amplifying structures, toward
the periphery of the area.

13. The integrated sensor as defined in claim 12 wherein
the area is chemically modified with a plurality of hydro-
phobic molecules to make the area more hydrophobic than
the collapsible signal amplifying structures.

14. A method for using an integrated sensor, the method
comprising:

inserting the integrated sensor into a sensing device, the

integrated sensor including:

a flexible substrate; and

an array of spaced apart sensing members formed on a
surface of the flexible substrate, each of the spaced
apart sensing members including a plurality of poly-
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gon assemblies arranged in a controlled pattern on
the surface of the flexible substrate such that each of
the plurality of polygon assemblies is a predeter-
mined distance from each other of the plurality of
polygon assemblies, and each of the plurality of
polygon assemblies including collapsible signal
amplifying structures controllably positioned in a
predetermined geometric shape;

operating the sensing device such that the flexible
substrate is indexed;

as the flexible substrate is indexed, exposing at least
one of the sensing members to a sample;

as the flexible substrate continues to be indexed, per-
forming a sensing operation on the sample that has
been exposed to the at least one of the sensing
members;

continuously advancing the flexible substrate;

periodically exposing other sensing members to an
other sample; and

periodically performing a sensing operation on the
other sample that has been exposed to the other
sensing members.

15. A method for making an integrated sensor, compris-

creating a mold having a pattern for an array of to-be-

formed spaced apart sensing members and a controlled
pattern of a plurality of polygon assemblies for each of
the to-be-formed spaced apart sensing members, each
of the polygon assemblies including mold-material
nano-pillars positioned in a predetermined geometric
shape;

transferring the controlled pattern to a polymeric reverse-

tone mold using nano- imprinting;

nano-imprinting a flexible substrate using the polymeric

reverse-tone mold, thereby forming an array of spaced
apart sensing members, each of the spaced apart sens-
ing members including a second plurality of polygon
assemblies arranged in the controlled pattern on the
surface of the flexible substrate such that each of the
second plurality of polygon assemblies is a predeter-
mined distance from each other of the second plurality
of polygon assemblies, and each of the polygon assem-
blies including collapsible nano-pillars controllably
positioned in the predetermined geometric shape,
wherein the flexible substrate is chosen from polyeth-
ylene terephthalate, polyethylene terephthalate glycol-
modified, polycarbonate, polypropylene, and polyeth-
ylene, and wherein a thickness of the flexible substrate
ranges from about 30 um to about 50 82 m; and

depositing a signal amplifying material on a tip of each of

the collapsible nano-pillars.

16. The method as defined in claim 15 wherein creating
the mold is accomplished via electron-beam lithography or
photolithography, and dry etching.

17. The method as defined in claim 15 wherein the method
is performed as a roll-to-roll process.
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